This paper demonstrates a proof-of-concept approach for encapsulating CdSe/ZnS quantum dots (QDs) into uniform-sized poly(DL-lactide-co-glycolide) (PLGA) biocompatible microcapsules utilizing a microfluidic chip. By adapting a blend of poly(vinyl alcohol) (PVA) and chitosan (CS) as stabilizers for constructing a PLGA polymer matrix to entrap CdSe/ZnS QDs, the PLGA polymer solution was constrained to adopt the spherical droplets in a continuous aqueous phase at a microchannel cross-junction. The generation of these droplets was then studied quantitatively. The flow conditions of the two immiscible solutions were adjusted in order to successfully generate the polymer droplets. Size-controllable PLGA microgels containing CdSe/ZnS QDs were produced, ranging in size from 180 to 550 µm in diameter. The narrow size distribution (within ±5%) was obtained by altering the ratio of the flow rate. In contrast to individual QDs, each PLGA microsphere encapsulates thousands of fluorescent QDs in a protective polymer matrix, providing a highly amplified and reproducible signal for fluorescence-based bioanalysis.
Introduction
The unique and novel size-dependent properties displayed by semiconductor nanocrystals have initiated current worldwide research on nanomaterials [1, 2] . Over the past two decades, great effort has been put into the synthesis of highly fluorescent II-VI semiconductor nanocrystals [3] [4] [5] . These nanocrystals show great promise for use in various applications, such as biological fluorescence labelling [6] [7] [8] [9] [10] , solar cells [11, 12] , and organic/inorganic light emitting devices [13, 14] . This is because quantum confinement provides molecular-like discrete energy levels, and because different colour emissions can be tuned by simply varying the size of the nanocrystals. Quantum dots (QDs) tend to be brighter than dyes because the compounded effects of their extinction coefficients are an order of magnitude higher than those of most dyes, with a comparable quantum yield, and with similar emission saturation levels. In addition, their main advantage lies in their resistance to bleaching over long periods of time, allowing the acquisition of images that are crisp and well contrasted.
The as-prepared CdSe/ZnS QDs, which are chemically passivated by a layer of organic ligands such as trin-octylphosphine oxide (TOPO), are dispersible only in nonpolar organic solvents and are typically unstable in solution in the absence of excess free ligands. These factors render them unsuitable for direct use in biological and material applications.
Direct synthesis of QDs in the aqueous phase is an alternative strategy for obtaining water-dispersed nanocrystals [15] . However, nanocrystals synthesized in the aqueous phase often have poor spectral properties (relatively low photoluminescence (PL) quantum yields of 3-10% and broad full width at half-maximum). For improved water solubility of QDs passivated by a layer of organic ligands, various polymeric substances such as organic dendrons, polymers, and chemically modified proteins have been employed in order to manipulate the surface properties of nanocrystals through a ligand-exchange or micellar encapsulation process [16] [17] [18] . Special interest has been focused on the use of particles prepared from polyesters like poly(DL-lactide-co-glycolide) (PLGA), which received US Food and Drug Administration (FDA) approval due to its biocompatibility and its tendency to degrade in the body through natural pathways [19] .
Several methods have been proposed for the preparation of PLGA particles, such as the solvent evaporation [20] , and the emulsification [21] [22] [23] [24] method. However, these above techniques have well-known drawbacks such as unstable yield, tedious procedures and non-uniform particles with a wide size distribution. Microfluidics are becoming increasingly useful for a wide range of analytical [25, 26] and chemical processes [27, 28] , especially for producing droplets with a highly uniform size being developed by a number of groups [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Prior works [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] have illustrated the value of flow-focusing systems for making uniform droplets and the potential for using these droplets in materials science. However, no one ever paid attention to applying a cross-flow microfluidic chip to control the performance of monodisperse PLGA microspheres. Therefore, the present study focuses on the application of microfluidics for controlling the performance of monodisperse PLGA microspheres.
In this work, we report a proof-of-concept approach for encapsulating CdSe/ZnS QDs into uniform-sized PLGA microcapsules utilizing a microfluidic system. With oil-inwater (o/w) emulsion formation, PLGA microgel is highly reproducible and accurately uniform in size in the microfluidic system. Also, their size is easily varied across the channel by controlling the flow conditions. To the best of our knowledge, this is the first demonstration of the preparation of uniformedsized PLGA microcapsules utilizing a microfluidic system. Rather than just the preparation of an o/w emulsion, the main motivation for this approach is based on the in situ construction of the PLGA microgel matrix, entrapping CdSe/ZnS QDs, which is triggered by adding two stabilizer reagents: poly(vinyl alcohol) (PVA) and chitosan (CS). In contrast to an individual QD, each PLGA microsphere encapsulates thousands of fluorescent QDs in a protective polymer matrix, providing a highly amplified and reproducible signal for fluorescencebased bioanalysis. Our method for controlling monodisperse PLGA microhydrogels is both efficient and unique. Our method turns out to be one of the most efficient methods for the production of monodisperse PLGA microcapsules. Smaller and larger microhydrogels can be produced by the same approach with an appropriate adjustment of the geometry of the microfluidic channel. In addition, our proposed microfluidic system will be useful for the encapsulation of many other materials such as biomaterials, enzymes, drugs, catalysts, and nanoparticles into PLGA microcapsules.
Experimental details

Materials
, PLGA, PVA (88%-89% hydrolyzed), and CS were purchased from Sigma (Sigma Chemical Co., St. Louis, MO, USA). Selenium powder (Se, 99.5%), n-tetradencylphosphonic acid (TDPA, 98%), and tri-n-octylphosphine oxide (TOPO, 98%) were purchased from Alfa Aesar (Alfa Aesar Inc., Ward Hill, MA, USA). Cadmium oxide (CdO, 99.5%) was purchased from ACROS (ACROS Organic Co., Morris Plains, NJ, USA). Dimethylzinc (Zn(CH 3 ) 2 , 95%) was purchased from STREM Chemicals (Newburyport, MA, USA). Tributylphosphine (TBP, 98%) was purchased from SHOWA (SHOWA, Japan). All reagents that were used were as purchased, with no additional purification.
TOPO-coated CdSe/ZnS QDs preparation
The synthesis of TOPO-coated CdSe/ZnS QDs was modified from the method proposed by the previous literature [44, 45] , and 0.3 g of CdO, 0.65 g of TDPA and 25 g of TOPO were loaded into a 100 ml flask. The mixture was heated to 350
• C under an argon flow. The temperature of the solution was cooled to 250
• C, and Se stock solution (0.592 g of Se powder dissolved in 15 ml of TBP) was injected. After injection, the QDs grew at 250
• C for 90 s. The mixture was then followed by the drop-wise addition of 2 ml of ZnS precursor solution (a mixture of 10 ml of 2.0 M Zn(CH 3 ) 2 in toluene and S(Si(CH 3 ) 3 ) 2 in TBP). Then the heater was stopped and the crude TOPO-coated CdSe/ZnS was synthesized. Then 0.22 g of TOPO-coated CdSe/ZnS was obtained after drying under vacuum. CdSe has a band gap of 1.7 eV [46] and the emission colour of the nanoparticles shifts continuously from red (centred at 650 nm) to blue (centred at 450 nm) as the size of the nanoparticles decreases. In this work, CdSe/ZnS core/shell nanoparticles were prepared using a modified procedure in the literature [44, 45] rather than developing a new preparation method, and the emission colour of CdSe/ZnS is green (554 nm), which is similar to the previous literature [45] .
Encapsulation of CdSe/ZnS QDs in PLGA microcapsules using a microfluidic system
A PLGA phase (dispersed phase) composed of PLGA (1% wt/v) and CdSe/ZnS QDs (1 mg ml −1 ) in chloroform was prepared in a 10:1 ratio. A PVA-CS stabilizer phase (continuous phase) composed of PVA (1% wt/v) and CS (0.5% wt/v) in aqueous solution was prepared in a 2:1 ratio. Figure 1 shows the top view of a microfluidic chip with a cross-junction. The dispersed phase and the continuous phase were connected to the microfluidic device via polyethylene (I.D. 0.76, O.D. 1.22, and 400 mm long) tubing attached to syringes operated by three digitally controlled syringe pumps (KdScientific KDS230, USA) and simultaneously introduced to the microfluidic chip. 
Design and fabrication of a polydimethylsiloxane (PDMS) microfluidic platform
The fabrication processes are described as follows (figure 2(A) ). The proposed concave mold of a microfluidic chip was laid out on a conventional polymethyl methacrylate (PMMA) substrate (length/width/depth: 88.0 mm/44.0 mm/ 1.5 mm) using a CO 2 laser machine (M300, Universal Laser System, USA). Fabricating a microchannel on a PMMA substrate by means of a laser machine is similar to using a laser printer to print a document. The CAD ® data was sent from a PC to the laser machine and the design was then carried out on the PMMA substrate by the CO 2 laser machine [47] . The epoxy was then injected into the concave PMMA mold. After 80 min at 100
• C in an oven (OPO-45, CHENG SANG, Taiwan), the concave PMMA mold was turned over, creating a convex epoxy mold. This convex epoxy mold was then turned over and used as a concave PDMS mold. We injected PDMS (SIL-more ® , Taiwan) into a convex epoxy mold. After 40 min at 70
• C the convex epoxy mold was turned over, and a concave mold of PDMS was obtained. The convex PDMS mold was the top layer of the proposed microfluidic chip. A flat PDMS structure was employed as the bottom layer of the proposed microfluidic chip. We coated a thin PDMS gel between the two layers, which was then followed by thermal bonding at 80 ± 5
• C for 45 min. After natural annealing at room temperature, a PDMS microfluidic platform was fabricated. The microchannel cross-junction in the vertical channel was 1.5 mm and in the horizontal channel it was 200 µm. The microfluidic chip consisted of three inlet ports, an outlet port, a crossjunction channel and an observation chamber (see figure 2(B) ). The broadened channel (600 µm in width, downstream of the cross channel) at the observation chamber was designed so as to slow down the flow and to enhance the observation. This microfluidic platform was low cost, easy to fabricate, and easy to set up, as well as easy to organize and program.
Characterization
A fluorescence microscope was used to observe the experimental results.
The image and detection system consisted of an optical microscope (TE2000U, Nikon, USA) and a digital camera (Evolution Color VF, Nikon, USA). The diameters of 50 microspheres were measured to provide an average size. The nanocrystals solutions were dropped onto copper grids with carbon support by slowly evaporating the solvent in air at room temperature. The ultra structure of the nanocrystals was examined using a transmission electron microscope (TEM, Philips, Tecnai G2 20 S-TWIN) with an LaB 6 -type filament at an operating voltage of 200 kV. The size of the PLGA microcapsules was determined by measuring the images of the optical microscope. A total of 50 particles were counted to ensure a statistically representative size of the PLGA microcapsules.
Results and discussion
CdSe/ZnS core/shell QDs were prepared using a modified procedure in the literature for the synthesis of core/shell QDs [44, 45] . Figure 3 shows TEM images for CdSe/ZnS QDs with a relatively good size distribution, and highresolution TEM of CdSe/ZnS QDs which display clear latticeplane observations and good crystallinity with diameters of 4.5 nm synthesized in TOPO systems. Figure 3(C) shows the photoluminescence spectra of CdSe before (dashed line) and after (solid line) overcoating with ZnS. Since the ZnS shell has a larger bandgap energy than CdSe, the fluorescence efficiency of the CdSe capping with ZnS is dramatically enhanced, thus indicating that the resulting nanoparticles are core/shell nanostructures. Also, after ZnS capping with CdSe nanoparticles, the PL peak shifts slightly from the 550 nm to the 554 nm wavelength, matching the size diameter of CdSe/ZnS of 4 ± 0.5 nm, as shown in figure 3(B) , as a consequence of quantum confinement. In order to improve the water solubility and biocompatibility of CdSe/ZnS QDs capping with TOPO, o/w emulsion formation in a microfluidic system was used to entrap CdSe/ZnS-TOPO QDs into PLGA microcapsules.
The microfluidic emulsification method is a result of the competition between two opposite processes: drop breakage and drop-drop coalescence in the bulk solution. Both processes are promoted by the intensive stirring of the oilwater mixture inside the emulsification chamber and result in considerable polydispersity of size distribution. At a channel cross-junction, droplets are sheared and extended as they travel through the junction. In the flow-focusing design of o/w emulsions, the shearing comes as a result of the relative magnitude of the co-flowing streams of oil and water [43, 48, 49] . In this study, o/w emulsions are formed by shearing one liquid into a second immiscible liquid and regular-sized emulsions are generated in the microfluidic system. As shown in figure 1 , two different fluids were simultaneously supplied to the microfluidic system: the PLGA phase containing CdSe/ZnS-TOPO QDs was supplied from the central inlet channel and the PVA-CS phase was used as the continuous phase, supplied from two side channels of the microfulidic device. The PVA-CS phase is composed of PVA and CS in aqueous solution due to PVA and CS being the most popular stabilizers for the synthesis of PLGA microcapsules.
PVA was utilized as a hydrophilic additive to improve the hydrophilicity of the PLGA microcapsules and CS was used to prepare the surface modification of the PLGA microcapsules with a positive charge. The regular emulsion droplet composed of PVA-CS, CdSe/ZnS-TOPO QDs, and PLGA was detected in the observation zone ( figure 2(B) ) by utilizing an inverted fluorescence microscope.
It is worth noting that the microfluidic flow rates have a great influence on the diameter distribution and the gap of the emulsions being formed. The size of the emulsion can be modulated easily by adjusting the flow condition in the microchannels. Figure 4 illustrates the relationships between the flow speed (average velocity) of the phases and the emulsion size. For a given 1 ml min −1 of the continuous phase flow, the emulsion size increases as the average velocity of the dispersed phase flow increases ( figure 4(A) ). For a given 0.02 ml min −1 of dispersed phase flow, the emulsion size decreases as the average velocity of the continuous phase increases ( figure 4(B) ). Based on figure 4 , it is evident that the size of the microemulsions generated in the cross-junction are controllable and reproducible by using our proposed microfluidic device. In addition, the proposed microfluidic device shows a good linear correlation between the emulsion size and the flow rate. This is very important for its practical application in quantitative analysis.
After the synthesis of monodisperse PLGA microgels using a microfluidic system, the schematic illustration of PLGA microsphere formation was through solvent evaporation (figure 5). During this process, the removal of chloroform was accompanied by shrinkage of the microspheres because of the progressive cross-linking of the PLGA matrix. Figure 6 (A) is a typical optical microscopy image of PLGA microgels suspended in a PVA-CS aqueous solution. It forms a hexagonal closely packed structure which is typical for microgel, exhibiting excellent size uniformity. After exciting with the third harmonic (350 nm) of a Surelite I-10 Nd:YAG laser, the imaging shows that fluorescence signals are highly uniform across the internal areas of each PLGA microgel, demonstrating deep and uniform QDs encapsulation into the microgel's interior, as shown in figure 6 (B). Figure 6 shows that the average diameter of the PLGA microgels is 290 µm. After removal of the chloroform through evaporation, the PLGA microspheres are allowed to shrink further and form smaller and denser matrices. The shrinkage of microspheres is understood to be a result of the removal of the chloroform content during the evaporation procedure. As shown in figure 7(D), the mean diameter (100 µm) of the PLGA microspheres is 34% smaller than that of the corresponding microgels. Furthermore, by taking advantage of the hydrophilic surface modification of the PLGA with a positive charge, the PLGA microspheres are shown to be well dispersed in the water solution ( figure 7(A) ).
In CdSe/ZnS-TOPO QDs, the extinction spectrum remains nearly unchanged before and after embedding them in PLGA microspheres. After encapsulating CdSe/ZnS-TOPO QDs into PLGA microspheres, the emission maximum is slightly redshifted from 540 to 545 nm, as shown in figure 8 . The width of the spectra is not changed during the incorporation of QDs into PLGA microshperes in the microfluidic system. This demonstrates that each microsphere entraps numerous QDs in a protective PLGA matrix, thereby providing a highly amplified and reproducible signal for bioimaging that can be used in many biomedical and biotechnological applications. These PLGA bioprobes are brighter than a single QD and allow for a substantial lowering of the threshold detection of biomolecules.
Conclusion
In this study, we have proposed an easy to use method for producing PLGA microcapsules, entrapping CdSe/ZnS QDs by o/w emulsion in a microchannel cross-junction. The sizecontrollable PLGA microgels can be created from 180 to 550 µm in diameter with a narrow size distribution (within ±5%) by altering the ratio of the flow rate. In contrast to an individual QD, each PLGA microsphere encapsulates thousands of fluorescent QDs in a protective polymer matrix, thereby providing a highly amplified and reproducible signal for fluorescence-based bioanalysis. By taking advantage of the hydrophilic surface modification of the PLGA with a positive charge, results from PVA and CS blend in a PLGA skeleton, and the resulting microcapsules would be expected to show good cell adhesion properties and condense negatively charge plasmids. In addition, this microfluidic system will be useful for the encapsulation of many materials such as biomaterials, enzymes, drugs, catalysts, and nanoparticles into PLGA microcapsules using microfluidic devices.
